proliferation, vesicular fusion, and apoptosis (Berridge et al. 1998) . Despite their physiological diversity, two features appear to be common in the sequences of CaM binding partners: the presence of two hydrophobic anchors, one of which is often a tryptophan, normally separated by 14 residues, and the presence of a large number of basic residues (Crivici and Ikura 1995) . Each of the hydrophobic anchors interacts mainly with one of the CaM domains.
Small, hydrophobic molecules bind to CaM and modify its function by inhibiting the interaction with other proteins Weiss et al. 1985; Cook et al. 1994; Vandonselaar et al. 1994; Craven et al. 1996; Osawa et al. 1998; Harmat et al. 2000) . Some of these compounds used as pharmacological agents to block CaM-mediated enzyme activation may act as antipsychotics, muscle relaxants, antidepressants, minor tranquilizers, and local anesthetics Zhang et al. 1990 ). CaM antagonists (such as trifluoperazine [TFP] and many others) are also being evaluated for the treatment of cancers that are both sensitive and resistant to conventional anticancer drugs (Ford and Hait 1990; Liu et al. 2002) , because diseases characterized by unregulated cell growth have been shown to present elevated levels of Ca 2+ -CaM (Hickie et al. 1983; Dai et al. 2002) .
One of the endogenous CaM antagonists is thought to be the pineal hormone melatonin (N-acetyl-5-methoxytryptamine) ( Fig. 1 ; Benitez-King et al. 1993 Cardinali et al. 1997) . Melatonin is involved in several physiological functions, including the entrainment of both seasonal and circadian rhythms. It has been shown that melatonin prevents the Ca 2+ /CaM inhibition of microtubule polymerization both in situ and in vitro assays (Huerto-Delgadillo et al. 1994 ). More recently, it has been suggested that rat hypothalamic and striatal nitric oxide synthase (NOS) inhibition is regulated by the interaction of melatonin and some melatonin-related kynurenines with CaM (Pozo et al. 1997; León et al. 2000) , although in the hamster retina NOS inhibition seems to be independent of CaM (Saenz et al. 2002) .
Melatonin has also been shown to exhibit cytotoxic activity in cancer cells, and is thus used as a chemotherapeutic drug. Both at physiological and pharmacological concentrations, melatonin acts as a differentiating agent in some cancer cells, lowering their invasive and metastatic status through alterations in adhesion molecules and maintenance of gap junctional intercellular communication (Blask et al. 2002) . In other cancer cell types, melatonin, either alone or in combination with other agents, induces apoptotic cell death (Blask et al. 2002) . Melatonin/CaM interactions may play an important role in mediating the growth-inhibitory effect of melatonin on human breast cancer cells (Dai et al. 2002) . Despite its pharmacological and physiological significance, a structural characterization of the CaM/melatonin interaction is still lacking, and even the strength of the interaction remains controversial (Benitez-King et al. 1996 ; Ouyang and Vogel 1998) .
In the present paper, conclusive atomistic evidence of the CaM/melatonin interaction is provided by fluorescence and nuclear magnetic resonance (NMR) studies, and by molecular dynamics (MD) simulations. NMR chemical shift mapping shows a significant and reversible binding of melatonin to both domains of CaM. Molecular docking and MD simulations provide a further atomistic characterization of the CaM-melatonin complex.
Results

Fluorescence spectroscopy characterization of CaM:melatonin interaction
Fluorescence intensity measurements were used to study the interaction of CaM with melatonin following the approach used previously by other researchers (Ouyang and Vogel 1998) . Melatonin (0.5 mM) was titrated with Ca 4 -CaM up to a final concentration of 1.3 mM and fluorescence changes were monitored at 340 nm (Fig. 2) . Because the interaction is weak (K d > 2 mM) it was not possible to determine a Independent fitting of the binding curves from representative residues of each of the two CaM domains suggests that the C-domain binds with comparable, although possibly marginally higher, affinity than the N-domain (K d C of 5 mM vs. K d N of 7 mM, Table 1 ). As expected for such weak binding contacts, no plateau could be reached in the titration even at high CaM-melatonin ratios, and no intermolecular NOE effects could be observed. average of the chemical shift changes observed for each residue, and gives a rough indication of the extent to which a residue is affected by complexation with melatonin. Complex formation significantly affects ∼22% of the CaM resonances. The most significant changes are localized mainly in the hydrophobic pockets of either domain (Fig. 4D ).
Orientational freedom of the domains
To assess whether upon complexation the two CaM globular domains collapse, as observed in other CaM complexes, or remain independent from each other, we partially replaced diamagnetic Ca 2+ by paramagnetic Tb 3+ . This allows the measurement of interdomain NMR pseudocontact shifts (PCS) and of residual dipolar couplings (RDC) induced by magnetic alignment (Biekofsky et al. 1999) .
As shown in previous work, the Tb 3+ added binds preferentially to the N-domain of CaM (Biekofsky et al. 1999 ) 2 -calmodulin (where I and II indicate the binding sites of the N-domain, III and IV those of the Cdomain). Figure 5 shows the four peaks corresponding to C-domain residues Ile 100 and Val 136. Such patterns are seen throughout the spectrum for many residues. However, in crowded areas of the HSQC spectrum this leads to superposition of peaks, making the RDC and PCS measurement difficult. For residues very near to the Tb 3+ ions, the NMR signals of Tb 3+ species become broad and cannot be observed (mostly those in the N-domain). Such is the case, for example, of the N-domain residue Ile 27 shown in Figure 5 .
The degree of alignment of the Tb 3+ -free C-domain depends on the degree of orientational freedom of this domain with respect to the N-domain containing the Tb 3+ ions (Biekofsky et al. 1999 (Biekofsky et al. 1999) . Table 2 presents data measured for selected residues in these three systems to provide examples of the range of values obtained. The residues included in Table 2 were chosen from both domains, and show examples of both positive and negative pseudocontact shifts, and positive and negative dipolar coupling contributions to the NH splittings. For each residue shown in Table 2 , the data measured for the four species in solution are given, except for the N-domain residues such as Gly 33 or Ala 57, for which the signals corresponding to some species could not be found.
The comparison of the PCS and RDC data for the three systems indicates that the CaM:melatonin complex behaves like the uncomplexed CaM, that is, the domains in the complex present orientational freedom from one another. In particular, this can be seen from the RDC data corresponding to residues belonging to the Tb 3+ -free C-domain, which show negligible RDCs in the case of CaM and CaM-melatonin, compared to that of CaM-WFF peptide. The WFF peptide fixes both domains so that the paramagnetic Tb 3+ ions bound to the N-domain can orient both domains with respect to the magnetic field, and hence, the residues corresponding to both domains have significant RDC values. As well, the smaller PCS values for the residues in the Tb 3+ -free Cdomain in the case of CaM and CaM-melatonin are consistent with a longer distance for these residues, compared to the collapsed structure of the CaM-WFF peptide complex.
There is evidence that other small molecules binding to Ca 2+ /CaM induce interdomain compaction. For instance, the binding of two W-7 molecules to Ca 2+ /CaM in solution induces a globular shape for Ca 2+ /CaM, probably caused by the collapse of both domains (Osawa et al. 1999) . As well, the crystal structures of Ca 2+ /CaM-(TFP)1 (Cook et al. 1994) , Ca 2+ /CaM-(TFP)2 (Vertessy et al. 1988) , and Ca 2+ / CaM-(TFP)4 (Vandonselaar et al. 1994 ) reveal juxtaposition of both CaM domains compared with the dumbbell structure of Ca 2+ /CaM (Babu et al. 1988 ). In these structures, a hydrophobic tunnel resulting from the juxtaposition of the hydrophobic patches of the N-and C-terminal domains of CaM is very similar to that seen in the peptide complexes. In the present work, it is important to make the case of autonomy of the domains in the CaM-melatonin complex, which allows us to use the strategy of characterizing computationally the binding of melatonin to individual domains.
MD of uncomplexed CaM
Based on the independent behavior of the two homologous domains in the CaM:melatonin complex, and to limit the computational load, we decided to restrict the MD simulations to the C-terminal domain. A MD trajectory (SC1 trajectory) was calculated for C-CaM. The root mean square displacement (RMSD) of the backbone ␣-carbon atoms of C-CaM and C-CaM:melatonin with respect to the initial structure is shown in Figure 6 . Global translational and rotational motions of the protein were removed by least square superposition of the ␣-carbon atoms relative to the initial structure. The overall protein structure was found to be stable, because the RMSD values are of the order of 1 Å for C-CaM. Our results are consistent with simulations of full CaM solvated by a water cluster (Wriggers et al. 1998 ). In the C-CaM:melatonin complex the RMSD values are bigger (see below).
Molecular docking
Docking of melatonin into C-CaM was performed with the goal of finding plausible structures of the melatonin:C-CaM complex. The docking procedure yields numerous structures all with very close free energy. The empirical binding free energy (Morris et al. 1998 ) for the most stable structure used for further simulations was 6.0 kcal/mole. This configuration was chosen as the starting point for further MD simulations, because it was the only one where melatonin was inside the hydrophobic pocket of C-CaM and the contacts were in excellent agreement with those observed experimentally by NMR.
MD simulations of the complex melatonin-CaM
In the course of a 2.8-nsec MD simulation (SMC1 trajectory) of the melatonin-C-CaM complex, the melatonin position with respect to C-CaM exhibited large fluctuations. We have selected four geometrical parameters to structurally characterize the interaction. The first two parameters are meant to represent the rotation of the melatonin heterocycle with respect to the initial orientation. We have defined two quasi-orthogonal axes: One is defined by the two centers of mass of each ring of the indole moiety, and the other one is the axis that goes along the bond that connects the two carbon atoms (atoms 10 and 12 of Fig. 1) linking the two rings. The angle of these axes with respect to their orientation in the first snapshot of the simulation is measured along the trajectory (Fig. 7B) . These angles give information about the rotation of the melatonin heterocycle. We also measured the distance of the indolic nitrogen, NA, and the methoxy oxygen, OE (atoms 9 and 16, respectively, in Fig 1) , to the geometrical center determined by the ␣-carbon atoms of Ile 100 and Val 136 (Fig. 7A) . These residues were chosen because they are located at the bottom of the hydrophobic pocket and their positions fluctuate very little during the simulation. Global translational and rotational motions of the protein were removed by least-square super- position of the ␣-carbon atoms relative to the initial structure. The time evolution of these parameters is presented in Figure 7B .
The complex is found in three different characteristic configurations during the simulation. The first configuration presents melatonin inside the hydrophobic pocket and is similar to the docking structure. In the second one, melatonin is still inside the pocket but is rotated with respect to the initial structure. In the third one, melatonin stays outside the pocket. Typical representative snapshots are shown in Figure 8 , A-C. Due to the limited time of our simulation, it may be possible that we have not sampled other relevant configurations.
During the first 0.2 nsec of simulation SMC1, melatonin stays inside the pocket, rotating about 60°around axis 1, and getting closer (from 12 Å to 8 Å) to the bottom of the pocket (Fig. 8A ). This configuration is very similar to that exhibited by the MLCK complex (Meador et al. 1992 ; see below). The amino acids whose average distance from the ligand, during the initial 0.2 nsec of simulation SMC1 is less than 6 Å, are shown in Table 3 . It can be seen that they all belong to the hydrophobic pocket. To compare with other complexes of calmodulin the distances of the calmodulin amino acids to TRP(MLCK), TFP and W7 in their X-ray structures are also shown in Table 3 . Interestingly, similar amino acids are found in the different complexes, indicating that the interaction with the C-terminal hydrophobic pocket seems to be an invariant of the CaM recognition: the two residue ␤-sheet side chains (Ile 100 and Val 136), the aromatic cluster (Phe 92, Phe 141), the aliphatic cluster (Ile 105, Ile 125, and Ala128), and the four methionine residues (Met 109, Met 124, Met 144, and Met 145). However, there is a difference in the W7 complex with respect to the other complexes: Amino acids 82 to 87 are found near the W7 ligand, at odds with other cases. Probably, this is due to the fact that W7 has a long positive chain interacting with residues Glu 82, Glu 83, Glu 84, and Glu 87. This tail is lacking in melatonin, while in the TRP(MLCK) case there are other amino acids with positive groups interacting with the negative glutamates, and there are other TFP molecules interacting with the negative groups of calmodulin in the 1:4 complex with TFP. This lack of a positive coil could be the reason for the weaker interaction of melatonin.
Between 0.2 and 0.6 nsec melatonin gets out of the pocket and explores the protein surface in the vicinity of the pocket. This can be seen by monitoring the OE and NA distances (Fig. 8B) , that get as large as 12 Å and 15 Å, respectively. The indolic ring gets also parallel to helices 1 and 3, rotating both axes about 150°with respect to the initial structure. At about 0.6 nsec melatonin gets inside the hydrophobic pocket, but with a different orientation corresponding to a rotation of 100°of both axes, compared to the initial docking structure. The NA and OE distances are similar to those found in the first structure. This configuration, depicted in Figure 8C , is found with little variations, until the end of the simulation. Analysis of the changes in energy contributions (internal, electrostatic, van der Waals) during the trajectory (not shown) suggests that a major role in determining melatonin position and conformation is played by electrostatic interaction with protein and with solvent.
Flexibility of C-CaM along the simulation
C-CaM complexed with melatonin exhibits large structural fluctuations along the simulation, as shown in Figure 6 . To compare with the SC1 simulation we have again calculated the RMSD of the ␣-carbon backbone atoms with respect to the initial structure. Global translational and rotational motions of the protein were removed by least-square superposition of the ␣-carbon atoms relative to the initial structure. The average RMSD starts to oscillate around a value of about 2 Å and then increases to values around 4 Å. A more detailed analysis shows that large displacements are limited, apart from the terminations, to the coil that links helix 2 to helix 3, to helix 3 itself, and to the second loop (numbering of helices is made considering the C domain of CaM only). This is probably due to the fact that during the simulation melatonin changes its position with respect to calmodulin significantly, even leaving the hydrophobic pocket.
Notwithstanding the large RMSD, the secondary structure of C-CaM is well conserved along the Molecular Dynamics trajectory, preserving a well-defined hydrophobic pocket. Indication of major conformational change of CaM has been found in the case of binding to trifluoroperazine (Vandonselaar et al. 1994) . In this case, the movement involves the bending of the central helix that links the two domains, but small changes have been observed in the Cand N-terminal domains in the molecular dynamics simulations of the 4TFP:CaM (Yamaotsu et al. 2001) . This is in agreement with a stronger interaction between the drug and the protein resulting in small fluctuations of the TFP position. The occurrence of large concerted motions of C-CaM in the presence of melatonin may raise some doubts about the validity of the docking procedure, where a single protein configuration was considered. Actually, the importance of the hydrophobic pocket is confirmed both by direct experimental evidence (this work) and crystal structures of similar complexes (see Discussion).
Free energy of binding
In addition to the above MD simulations, a theoretical estimation of ⌬G°associated to the binding process was also performed, following the double annihilation method (Jorgensen et al. 1988) . The result ⌬G°‫ס‬ −9 ± 0.4 kcal/mole, corresponding to K d less than micromolar, is far from the experimental one (−3.2 ± 0.2 kcal/mole) and at odds with Molecular Dynamics results, where melatonin is seen to exit easily from the pocket. The reasons for such disagreement are (1) the poor sampling of relevant configurations of the complex, notwithstanding the considerable length of simulation SMC2 (15 nsec); (2) the force-field inaccuracies; and (3) the flaw intrinsic to the method (Gilson et al. 1997) . Our computation confirms, in our opinion, the need for new, more reliable methods to estimate the absolute free energy of binding (Luo et al. 2002) . This is especially true in weakly interacting complexes in which there are no specific interactions, such as the case for melatonin-calmodulin.
Discussion
Both experimental and MD results show that the calciumdependent interaction of melatonin with CaM is weak. The acquisition of structural details for weakly interacting sys- tems poses a challenge from the methodological point of view (Zuiderweg 2002) . Often, these complexes do not crystallize either at all or in a biologically relevant conformation. Similarly, traditional NOE-based NMR methods for obtaining solution structures do not work, because they provide useful information only for a relatively strong complex (K d < 10 M). A static description of an average structure might be inappropriate anyway. We have therefore resorted to using a combined approach in which fluorescence and NMR experiments are complemented by MD simulations to provide a description of the dynamical properties of the CaM-melatonin complex. Chemical shift perturbation allowed us to map the interaction in the hydrophobic cavities of each of the CaM globular domains. Based both on this evidence and on the experimental information that the two globular domains retain their orientational freedom in the complex, we chose to model the CaM-melatonin complex by following the dynamical behavior of one melatonin molecule in the pocket of the C-terminal domain. The most stable complex found by molecular docking, shows melatonin inside the hydrophobic pocket, with the O-methyl group pointing to the bottom of the pocket and the ethylamide side chain located in the entrance. The aromatic ring of melatonin is relatively immobilized, with the aliphatic tail extended into the solvent. Two main orientations were found for this arrangement, and within each orientation the ring retains some degree of translational freedom.
In the course of our MD simulations, melatonin explores different conformations, in some cases, even leaving the hydrophobic pocket. Melatonin binds to C-CaM mainly by hydrophobic interactions of the indolic moiety with the aliphatic and aromatic amino acids of the C-CaM hydrophobic pocket. However, from about 0.6 nsec to 2 nsec the indolic nitrogen also forms a hydrogen bond with the carbonyl of Ala 128. This is consistent with previous results which suggested an important role for Ala 128 in ligand binding to CaM (Osawa et al. 1998) .
The main average structural features obtained for the melatonin-CaM complex are in excellent agreement with those of other CaM complexes formed both with peptides and with small molecules (Fig. 9 ). The interaction with the C-terminal pocket seems to be an invariant of the CaM recognition: In all available structures, a bulky hydrophobic residue binds inside the CaM pocket of the C-domain. In CaM-peptide complexes, this site is often occupied by a tryptophan. A second hydrophobic site anchors the molecule to the N-terminal domain, helped by the additional support of a basic group, which interacts with residues outside the pocket Weiss et al. 1985) , thus resulting in a strong binding constant. Comparison of the CaM complexes with small molecules both obtained by crystallographic studies, such as those of TFP (PDB: 1CTR, 1A29, 1LIN), or DPD (PDB: 1QIV), or by NMR, such as those of W7 (PDB: 1MUX), also shows that the C-terminal hydrophobic pocket is always occupied. Additional binding sites may be present outside the pocket, but mostly sandwiched in between the two domains (as is the case of 1LIN).
Melatonin binds to calmodulin mainly by the indolic ring that fits very well inside the hydrophobic pocket of calmodulin, thus maximizing their interactions. Melatonin has an O-Methyl moiety in the indolic ring in contrast to tryptophan, but this does not affect the binding, as the methyl group interacts fairly well with the aliphatic aminoacids of the pocket. On the contrary, in the case of 5-hydroxy tryptophan and serotonin, the presence of an hydroxyl group instead of the O-Methyl makes the interaction weaker due the hydrophilicity of this group (Ouyang and Vogel 1998) . However, melatonin does not have a basic group that may interact with the acidics groups that lay in the surroundings of the hydrophobic pocket, and this makes the interaction weaker compared with TFP or W7. In this sense, it has been shown that melatonin metabolites, kynuremines, which lack NH 2 groups, do not bind to calmodulin (León et al. 2000) . Moreover, tryptophan has an extra negative charge from its carboxilic group that is likely to be repelled by the acidics groups of CaM, explaining the lower interaction found with tryptophan in comparison with melatonin (Ouyang and Vogel 1998) . Our results suggest that a melatonin analog with an NH 2 group instead of the amido one would have a stronger binding constant, probably comparable to more potent calmodulin antagonists.
Biological implications
Both melatonin and CaM are ubiquitously found and their structures are phylogenetically well preserved. The fact that melatonin interacts weakly with CaM, does not detract the possibility that this interaction may occur in biological media. The weak melatonin-CaM interaction may allow the hormone to gently modulate many cellular functions in a rhythmical fashion. The cyclic rise in melatonin bloodstream levels stimulated by darkness would have the effect of producing a subtle inhibition of CaM's interaction with other proteins. This inhibition has been shown in vitro for certain systems (Benitez-King et al. 1993; Cardinali et al. 1997; León et al. 2000) , and remains, however, difficult to assess in vivo. A higher affinity for the CaM-melatonin interaction would probably render this mechanism unsuitable.
On the other hand, the formation of the complex in biological media will depend on the concentrations of both species in different physiological microenvironments within the different cells. In fact, while this interaction was observed in some tissues (Benitez-King et al. 1996; Pozo et al. 1997; León et al. 2000) , it was not confirmed in other systems (Wolfler et al. 1998; Sáenz et al. 2002) . Melatonin may accumulate in some tissues and cellular structures, such as cell membrane, cytosol, and nuclei, to about 10 3 times higher than circulating levels (Menendez-Pelaez et al. 1993) . The affinity measured for this interaction, although low, is able to explain in vitro effects that have been observed in previous papers (Pozo et al. 1997; León et al. 2000) .
Moreover, from the pharmacological point of view, melatonin has been found to be an important anticancer agent. The proposed mechanism of action of this drug is via its inhibition of Ca 2+ /calmodulin, and because pharmaceutical dosage of melatonin is high (but not toxic) the low K d of the interaction is not a problem (MacNeil et al. 1988) . The therapeutic use of melatonin as well as its safety, dosage, side effects, and contraindications have been extensively investigated (e.g., see Karasek et al. 2002) . The drug has been shown to present a very low toxicity (Karasek et al. 2002) , and therefore, it can be considered as a viable pharmacological alternative to other more toxic antagonists for inhibiting CaM activity.
Materials and methods
Protein expression and purification
Drosophila melanogaster wild-type CaM was expressed in Escherichia coli and purified as described previously (Biekofsky et al. 1998 
Fluorescence spectroscopy
Uncorrected fluorescence emission spectra were recorded using a SPEX Fluoromax fluorimeter with ex ‫ס‬ 295 nm (bandwidth 0-85 nm) and emission from 310 to 450 nm (bandwidth 5 nm). Spectra were recorded at 20°C in 25 mM Tris (pH 8), 100 mM KCl with 1 mM CaCl 2 and 1 mM EGTA, as appropriate.
NMR spectroscopy
All NMR spectra were recorded at 500 and 600 MHz ( 1 H frequency) and at 35°C on Varian Unity Plus 500 and 600 spectrometers. Two-dimensional 15 N-1 H HSQC (Bodenhausen and Ruben 1980; Mori et al. 1995 ) spectra, with WATERGATE sequence (Piotto et al. 1992; Sklenár et al. 1993) , were acquired at 500 MHz with spectral widths of 7500 Hz ( 1 H) and 2027 Hz ( 15 N), respectively. A total of 110 t 1 increments were acquired with an acquisition time of 0.15 sec, during which the 15 N nuclei were decoupled using a GARP sequence (Shaka et al. 1985 -CaM was taken from Ikura and coworkers (Ikura et al. 1990) , and confirmed by three-dimensional 15 N-1 H NOESY-HSQC and TOCSY-HSQC experiments (Marion et al. 1989; Zuiderweg and Fesik 1989 Residual dipolar couplings were extracted from 2D IPAP 1 H-15 N HSQC spectra (Ottiger et al. 1998) . Spectra were acquired with 1184 complex points in t 2 (148 msec acquisition time) with a spectral width of 8000 Hz, and 270 complex points were collected in t 1 (108 msec acquisition time) with a spectral width of 2500 Hz.
All spectra were processed using nmrPipe (Delaglio et al. 1995 ) and analyzed using XEASY (Bartels et al. 1995) . Typically, the acquisition dimension was multiplied by a Gaussian function, and other dimensions with a 90°-shifted sine-bell function. All dimensions were zero-filled at least to the next power of 2. Chemical shifts of 1 H resonances were measured from an internal standard dioxane and referenced to 5,5-dimethyl-5-silapentane-2-sulphonate (taken as 3.750 ppm from dioxane) (Wishart et al. 1995), 15 N chemical shifts are referenced to liquid NH 3 using the frequency ratio method ( 15 N/ 1 H ‫ס‬ 0.101329118) (Wishart et al. 1995) . 
Melatonin titration
Analysis of binding curves
The chemical shift variation of individual resonances were fitted using the following equation: 
Computational tools
Melatonin force field parametrization
Partial charges for melatonin were obtained using the restrained electrostatic fit (RESP) scheme (Breneman and Wiberg 1990) . Electrostatic potentials were computed using ab initio HF/6-31G** calculations using the Gaussian 98 package (Frisch et al. 1998 ). Most of the parameters for melatonin were taken from the AMBER force field (Cornell et al. 1995) . The parameters associated with the torsional degrees of freedom of the ethyl amide chain were not available and were obtained by fitting them iteratively to reproduce the energy profiles obtained from HF/6-31G** calculations (Cornell et al. 1995) . The atom types and force field parameters for melatonin are given as supplementary material.
MD simulations
MD simulations were performed using the Amber force field for CaM (Cornell et al. 1995) , and the TIP3P model for water (Jorgensen et al. 1983) . Calcium ions were represented using the parameters derived by Hori and collaborators (Hori et al. 1988) , while parameters for melatonin are described above. Apart from the preparatory work, for which we used AMBER6 software package (Case et al. 1999) , all simulations were performed using the package NAMD (Kale et al. 1999) .
In all cases, the time step was 2 fsec, the van der Waals interactions were smoothly cut off at 9 Å, while electrostatic interactions were accounted for by using the particle mesh Ewald method (Essman et al. 1995) . All bonds were kept rigid (Ryckaert et al. 1977) . The Berendsen thermostat (Berendsen et al. 1984 ) was used to maintain the desired temperature.
Simulations of melatonin
The initial coordinates of melatonin were taken from the HF/6-31G** calculations. The temperature was set to 310 K. Aqueous simulations were performed by placing melatonin into a periodic box consisting of 803 TIP3P water molecules. The volume of the box was adjusted to obtain a pressure of 1 atm using the Berendsen method with a relaxation time of 1 psec (Berendsen et al. 1984) . Two trajectories, of 1 and 4 nsec each, were respectively obtained for the isolated (SM0) and solvated melatonin (SM1 trajectory).
Simulations of C-CaM
The crystal structure from the Brookhaven Protein Data Bank (PDB) 4CLN (Taylor et al. 1991 ) was taken as the initial structure of CaM. The initial positions of the hydrogen atoms were generated by the LEAP module of the AMBER package (Case et al. 1999 ). The C-terminal domain of CaM (residues 81-148) was placed into a periodic box consisting of 3525 TIP3P water molecules. To neutralize the system, eight potassium ions were also included in the simulation. After an equilibration phase we obtained 1-nsec MD trajectory (SC1 trajectory) at 310 K and 1 atm.
Molecular docking of melatonin:C-CaM complex
Docking simulations were performed with the AUTODOCK 3.0 program (Goodsell and Olson 1990; Morris et al. 1998) . The CaM and melatonin initial structure were taken from the SC1 and SM1 MD trajectories, respectively. Lennard-Jones parameters and partial charges were assigned according to the atom types, consistently with the AMBER force field (Cornell et al. 1995) . A mesh with a spacing of 0.55 Å was defined in a box measuring 50 × 50 × 50 Å 3 around C-CaM. The energy of interaction between C-CaM and melatonin were computed in each point of the grid. The torsional modes associated with ethyl amide and the methoxyl moieties of melatonin were left free while the rest of the molecule was considered rigid.
A Monte Carlo simulated annealing scheme was employed to locate relevant minima. The initial temperature was set to 503 K. We performed 50 Monte Carlo runs, each comprising 50 cooling cycles with a scaling factor of 0.9. The final temperature was 2.6 K.
MD simulations of melatonin:C-CaM complex
MD complex simulations were performed, starting with the most stable structure found with the docking protocol described above. The complex was neutralized with eight potassium ions, and was placed in a periodic box consisting of 3128 water molecules at 300 K and 1 atm. The simulation consisted of a 2.8-nsec trajectory (SMC1).
The theoretical melatonin:C-CaM binding constant was estimated using the free energy perturbation method (Kollman et al. 1993 ) and the so-called double annihilation process (Jorgensen et al. 1988) . The free energy change associated with the binding process was computed by simulating the transfer of melatonin from the complex and from solution to the gas phase (simulations SMC2 and SM2, respectively) .
